ABSTRACT Although psychological distress is associated with heart rate variability (HRV) and can be improved by interventions, few studies compared the effects of different interventions on cardiac regulation and the changes of the complexity of HRV in pre-, during-, and post-intervention phases. In this paper, 18 healthy young participants were recruited to investigate the effects of deep breathing, meditation, and video-watching tasks. The respiration (RSP) and electrocardiogram (ECG) signals were simultaneously recorded. Fuzzy entropy (FuzzyEn) was applied to quantify the complexity of HRV in pre-, during-, and posttask phases. The results showed that the FuzzyEn value of HRV in the during-task phase was significantly lower than that in the pre-task phase in deep breathing, video-watching, and meditation tasks, which might result from the effect of cardiorespiratory coupling (CRC), brain-heart coupling (BHC), and the combined effect of CRC and BHC, respectively. There were also significant increases of the FuzzyEn value in the posttask phase than the during-task phase in the deep breathing and meditation tasks, while the lower FuzzyEn value in the post-task phase than during-task phase only occurred in the video-watching task, which might result from that watching video had a more lasting impact on HRV than the other two tasks due to the brain memory. The method and indicator provide the evidence of cardiac rhythm changes after different interventions, and further research was needed to promote the clinical application.
I. INTRODUCTION
Psychological distress is considered to affect physiological processes and disease states and even to increase the risk of disease [1] . As a psychological distress, depression has a worldwide prevalence as high as 12% and will become the disorder with the second largest disease burden after cardiovascular disease (CVD) by 2020 [2] . Moreover, studies have shown that depression is associated with an increased risk of CVD morbidity and mortality [3] , [4] . Another study suggested that psychological stress may affect sudden cardiac death in patients with CVD [5] . Recently, researchers have found that psychological distress has a strong positive correlation with myocardial infarction and stroke [6] . Previously, drug treatments were commonly chosen for psychological
The associate editor coordinating the review of this manuscript and approving it for publication was Navanietha Krishnaraj Krishnaraj Rathinam. distress patients. However, such treatments might contribute to low heart rate variability (HRV), which may be an estimator of sudden cardiac death, total mortality and arrhythmias [5] . The decreased HRV is also one well-described symptom of autonomic nervous system (ANS) dysregulation in depression, and the status of different HRV levels is related to ANS activities [7] . A low HRV is also related to greater cardiovascular morbidity and mortality [8] . Even HRV is a generally accepted parameter that represents improvement in cardiovascular health [8] .
To address these issues, we need to find suitable psychotherapy that has a positive impact on HRV. In this case, a number of interventions those are widely applied in clinical practice, including deep breathing, meditation and watching videos, were performed. Many researchers have revealed the relationship between respiration and heart rate [9] .
Inspiration causes parasympathetic nervous system (PNS) to suppress and heart rate to increase, while expiration causes PNS suppression to eliminate and heart rate to decrease [10] . Xiao Ma et al. suggested that breathing intervention could significantly increase sustained attention and trigger body relaxation responses [11] . Barnes et al. applied meditation to improve the blood pressure and heart rate of healthy young people in a natural environment [12] . Another study explored the effects of meditation on ANS function through changes in HRV, and the results suggested that meditation might help reduce CVD risk [13] . Moreover, changes in ANS signals relevantly affect the central nervous system (CNS) in both physiological and pathological conditions [14] . For instance, dysfunctions of the ANS were found in acute and chronic stressful conditions, psychosomatic disorders, anxiety and mood disorders, which are typically considered CNS-related conditions [15] . Changes in ANS activity have also been reported to be associated with specific emotional states [16] . Endre et al. showed that emotion regulation difficulties were strongly related to low HRV [17] .
In this context, HRV is a well-recognized method for assessing cardiac autonomic regulation in the time and frequency domains. Previous studies have reported that low frequency (LF: 0.04-0.15 Hz) changes represent activity in the cardiac sympathetic nervous system (SNS), high frequency (HF: 0.15-0.40 Hz) changes represent the activity of the cardiac PNS, and the LF/HF ratio represents the balance of the cardiac ANS [18] . In 1999, Laskar et al. compared the changes in LF, HF and LF/HF ratio during deep breathing in hand-arm vibration syndrome patients and healthy control subjects [19] . In addition, it is also reported that the HF power increased significantly and the LF/HF ratio decreased significantly during Zen meditation [20] . Others have found that there was a significant increase in the activities of PNS and SNS when viewing video clips, and the LF/HF ratio was significantly higher in a positive emotional state than in a negative emotional state [21] , [22] . However, such a linear analysis is not accurate enough to reflect changes in cardiac regulation from different interventions. Additional analysis methods and indexes that can describe intervention-induced changes in cardiac regulation are needed.
Since the cardiovascular system is dynamic and nonlinear, increasing focus has been placed on nonlinear analysis of HRV [23] . In recent years, measures such as the Lyapunov exponent, fractal analysis and entropy have been widely used to analyze HRV. These methods, especially entropy measures, promote analysis of the relationship between HRV and physiological characteristics of cardiovascular regulation [24] . Since Shannon first proposed the concept of entropy [25] , different entropies have been introduced and applied to feature extraction of physiological signals. Approximate entropy (ApEn) was first introduced by Pincus for short and noisy nonlinear dynamic signals [26] , which was predominantly applied to analyze the change of ECG and electroencephalogram (EEG) signals [27] - [29] , the acute effects of DB exercises on heart failure patients [30] and the effect of ANS on cardiac functioning before and after meditation [31] . Sample entropy (SampEn) was further developed from ApEn by eliminating of self-matches, which excluded the inherent bias towards regularity [32] . Liu et al. applied SampEn to HRV to evaluate the effects of respiratory biofeedback [33] . Recently, Chen et al. applied the fuzzy function instead of the Heaviside function to measure the similarity of vectors, which achieves stronger relative consistency and less dependence on data length [34] . Shi et al. further confirmed the advantage of Fuzzy Entropy (FuzzyEn) in comparison with SampEn during the analysis of happiness-and sadnessinduced differences in ANS activity [35] . Thus, FuzzyEn has potential for the characterization of the complexity changes of HRV.
Although entropy measures have achieved some success in the analysis of complexity of HRV with various interventions, the effects of different interventions on cardiac regulation and the changes of complexity of HRV in pre-, duringand post-intervention phases have seldom been compared. Moreover, FuzzyEn with stronger relative consistency and less dependence on data length was also rarely used in intervention studies, and the physiological mechanism represented by the change of entropy was also rarely discussed. In present study, the objective was to compare the effects of different interventions on cardiac regulation and to explore physiological pathways for effective treatment of psychological distress. We hypothesized that the complexity of HRV may change according to the intervention, since the physiological pathways of each intervention are different. To examine our hypothesis, FuzzyEn was applied to measure the complexity of HRV in deep breathing, meditation and video-watching. The results were analyzed to compare their effects on cardiac regulation.
II. METHODS

A. PARTICIPANTS
Eighteen healthy college students (9 females, 9 males) from Sun Yat-sen University with a mean age of 22.44 ± 1.2 years, a mean height of 166.78 ± 7.25 cm, and a mean weight of 57.61 ± 8.27 kg participated in the experiment as volunteers. None of them had any history of illness that could affect the ANS, such as secondary hypertension or arrhythmias, any history of disease that could affect normal hearing and vision, or any meditation experience. Drinks containing caffeine or alcohol and strenuous exercise within 24 h before the experiment were not allowed. All subjects were informed about the experimental content before the experiment. The Ethics Committee of the Guangdong 999 Brain Hospital reviewed and approved the ethical approval of the experiment in this study.
B. EXPERIMENTAL PROCEDURE
The experiments were carried out in a quiet laboratory with controlled temperature. Prior to the experiment, the subjects were provided a 10-min rest to permit the cardiovascular stabilization. The experimental system diagram setup is shown 
FIGURE 2.
Experimental procedure. A 5-min relaxation period before each intervention was set as pre-task phase; a 10-min intervention period was set as during-task phase, followed by a 2-min rest as recovery period. Then, another 5-min relaxation period was set as post-task phase. The three interventions were deep breathing, meditation and video-watching tasks and were randomly ordered.
in Figure 1 . The subjects were instructed to be seated comfortably in front of a computer screen. The ECG signals were recorded by BIOPAC MP150 System (BIOPAC Systems, Inc., Goleta, CA) and amplified by an ECG 100C amplifier with surface Ag/AgCl disposable electrodes attached to the limbs in a standard II lead mode after the skin was cleaned with alcohol. There was a gain of 500 applied to the ECG signals, and a 0.5 Hz high-pass and 35 Hz low-pass filter were also applied. The sampling rate of the ECG signals was 1000 Hz. The RSP signals were recorded by a respiration (RSP) sensor (BIOPAC TSD201) fastened to subjects' abdomens by a belt and amplified by an RSP 100C amplifier. There was also a gain of 10 applied to the RSP signal, and a 0.5 Hz high-pass and 1.0 Hz low-pass filter were also applied. The RSP signals were sampled at a rate of 250 Hz.
The protocol consisted of three different tasks e.g. DB, meditation and video-watching, each of which consisted of three different phases e.g. pre-, during-, and post-task phases. Prior to the experiment, the participants performed deep breathing exercises to get familiarized with the task. During each task, pre-, and post-task phases lasted for 5 min to relax subjects, while during-task phase lasted for 10 min to perform intervention, followed by a 2-min recovery period without any recording (Figure 2 ). In during-task phase of the deep breathing task, the subjects were instructed to perform deep, yet slow, inspirations, and similarly expirations under an audio generated by a computer. The RSP rate was set at 0.13 Hz, corresponding to 8 cycles per minute [36] . In during-task phase of the meditation task, the subjects performed guided meditation instructed by prerecorded audio file [37] . Firstly, subjects were instructed to close their eyes and feel their breathing sensations to relax their muscles and bodies. Secondly, subjects were told to freely imagine some natural scenes to relax their minds. No specific breathing instructions were given for the period of meditation. At the end of the meditation period, all were asked to open their eyes. In the during-task phase of the video-watching task, subjects watched a film clip with both external visual and auditory stimuli to induce positive emotion [38] . The video clip in this study was selected from a Chinese comedy film 'Flirting Scholar' [39] . Each subject repeated the above process three times, and the three different tasks were randomly ordered each time.
C. DATA ANALYSIS AND PROCESSING
The RSP rate was determined from the peak value of the signal measured by the abdominal sensor. The maximum peak was considered to be the end of inspiration, and the VOLUME 7, 2019 duration of the breathing cycle was determined as the interval between the two largest peaks [40] .
As a nonlinear analysis method with chaotic characteristics, FuzzyEn was used to study HRV in this paper. Given a time series of N -points { u(1), u (2), . . . , u (i), . . . , u (N ) }, FuzzyEn can be calculated as follows [34] :
Here, m is the length of vector X m i , representing the value of u, which commences with the i-th point and is generalized by removing a baseline of u0 (i):
Define the distance between X m i and X m j (1 ≤ i,
For the given n and r, the similarity degree D m ij between X m i and X m j is calculated by a fuzzy function µ d m ij , n, r :
Repeat the above steps to calculate ∅ m+1 (n, r) for dimension m+1.
Finally, the FuzzyEn value of the time series {u(i)} can be calculated by:
That, for finite datasets, can be estimated by the statistic:
FuzzyEn was calculated with m = 2 and r = 0.2 × STD of the RR interval which was extracted from the 5-min raw ECG signals. The ECG signals recorded in the experiment were filtered by a 3rd-order Butterworth band-pass filter with a frequency band from 5 to 15 Hz. After removing the noise, the 10-min ECG signals from every during-task phase were divided into two segments to calculate FuzzyEn. The FuzzyEn value for each phase in the three tasks were the average of all segments of all subjects. The during-pre FuzzyEn-difference values for each task were determined by subtracting the FuzzyEn value of the pre-task phase from that obtained in the during-task phase. Similarly, the post-during FuzzyEn-difference values were determined by subtracting the FuzzyEn value of the post-task phase from that obtained in the during-task phase.
D. STATISTICAL ANALYSIS
The paired t-test was applied to examine the difference in FuzzyEn-difference values among the three tasks DB, meditation and video-watching tasks) and the difference in FuzzyEn values and RSP rates among the different phases (pre-, during-, and post-task phases) of each task. All statistical analyses were conducted using SPSS software (Version 20, IBM, USA). Differences were considered significant when the p value was less than 0.05. Figure 3 shows the RSP rates for each task. According to the paired t-test, the RSP rate in the during-task phase was the lower than that in the other two phases in the DB and meditation tasks, while the change was opposite in the videowatching task. Significant differences occurred between pretask phase and during-task phase and between during-task phase and post-task phase in the deep breathing and meditation tasks (p<0.01). While, in the video-watching task, there was a significant difference only occurred between the preand during-task phases (p<0.05). There were no significant differences in the RSP rate in the pre-task phase between each two of deep breathing, meditation and video-watching tasks. This finding indicated that the order of the three tasks had no effect on the RSP rate in this study. In the during-task phase, the highest and lowest RSP rates were found in the videowatching task and the deep breathing task, respectively, and the paired t-test showed significant differences between the two tasks.
III. RESULTS
A. RESPIRATORY RATE
B. HEART RATE VARIABILITY
Figure 4(A) shows the FuzzyEn value for each task. In the deep breathing and meditation tasks, the lowest FuzzyEn values occurred in the during-task phase, while the lowest value in the video-watching task was in the post-task phase. There were significant differences between pre-task phase and during-task phase and between during-task phase and post-task phase in the deep breathing and meditation tasks (p < 0.01). While, in the video-watching task, the significant differences occurred between pre-task phase and duringtask phase and between pre-task phase and post-task phase (p < 0.05). There were no significant differences in FuzzyEn values in the pre-task phase between each two of deep breathing, meditation and video-watching tasks. This finding indicated that the order of the three tasks had no effect on the FuzzyEn value. In the during-task phase, the FuzzyEn value in the deep breathing task was significantly lower than that in the other two tasks (p<0.01). There was also a lower FuzzyEn value in the meditation task than in the videowatching task (p<0.001). In the post-task phase, there were no significant differences in FuzzyEn values between each two of deep breathing, meditation and video-watching tasks, but the lowest values were found in the video-watching task. Figure 4(B) shows the FuzzyEn-difference values associated with each task. With regard to the FuzzyEn-difference values, the results of the paired t-test revealed significantly larger decreases and increases in the deep breathing task than in the other two tasks (p<0.01). The decreases and increases in FuzzyEn-difference values in the meditation task were significantly higher than those in the video-watching task (p<0.05).
IV. DISCUSSION
Although interventions can improve psychological distress, the effects of different interventions on cardiac regulation are unclear. In the present study, the complexity of HRV in deep breathing, meditation, and video-watching tasks was compared to reflect the impact of these tasks on cardiac regulation.
Respiration has a major influence on HRV, called respiratory sinus arrhythmia (RSA), which reflected the rhythmic fluctuation of RR interval associated with respiration [41] . RSA referred to the internal coordination mechanism and interactions between cardiovascular and respiratory regulatory systems, named cardio-respiratory coupling (CRC) [42] . Grossman et al. reported that low deep breathing will cause larger RSA, which was a phenomenon that directly results from CRC [43] . Censi et al. noted that a higher degree of CRC could be detected when the RSP rate was close to 8 breaths or 15 breaths per min than that close to 12 breaths per min, while the entropy of recurrence (ER) was smaller [36] . CRC reached its maximum when the RSP rate was close to 8 breaths per min, corresponding to the minimum ER [36] . The results from previous studies support our finding that the decreased FuzzyEn value and RSP rate in the during-task phase caused by deep breathing might be an indicator of the increased CRC. Not only there are VOLUME 7, 2019 interactions between cardiovascular and respiratory regulatory systems regulated by ANS, [14] but also the CNS and ANS are strictly interconnected through anatomical and functional links, including ''from brain-to-the-heart'' dynamics control and vice-versa, named as brain-heart coupling (BHC) [44] . A typical BHC occurred in emotional experiences, and was strongly influenced by emotions and emotional responses [45] . A recent study showed that the increase in HRV associated with emotional regulation is accompanied by changes in cerebral blood flow in certain important areas related to emotional regulation [46] . Valenza et al. also noted that there was increased BHCBHC in the positive emotional states, which was estimated through the maximal information coefficient (MIC) value between EEG and HRV [45] . Tonhajzerova et al. confirmed that the HRV can be used as an index of brain-heart interaction [47] . In this study, the decreased FuzzyEn value of HRV in the during-task phase caused by video-watching might be an indicator of BHC.
The change of complexity in HRV caused by meditation might be due to the combined effect of CRC and BHC. Steinhubl et al. proved that respiration may strongly influence changes in HRV during meditation [48] . Peng et al. also revealed that heart rate oscillations were related to slow breathing and that the fluctuations of time series were highly complex during meditation [49] . Moreover, a recent study suggested that psychological activities associated with meditation intervention may induce brain plasticity [50] . Tang et al. found that the EEG frontal theta power has been demonstrated to be correlated with HRV during meditation [51] . Takahashi also showed that theta power was positively associated with nuHF and that alpha power was negatively associated with nuLF [52] . Another study reported that heart coherence increased significantly during meditation, reflecting more rhythmic ECG activity [53] , [54] . Raghavendra et al. suggested that a meditation state might be associated with a more rhythmic HRV than a pre-meditation state due to the reduced dynamic complexity of the cardiovascular system [23] . Li et al. also found that there was a less dynamical complexity during a meditation state than prior to entering a meditation state [55] . The results from previous studies support our findings that the decreased FuzzyEn value in the during-task phase induced by meditation might be an indicator of the combined effect of CRC and BHC.
The complexity of HRV varies with interventions since their physiological pathways are different and correspond to differences in physiological mechanisms. Compared with the during-task phase, the FuzzyEn value in the post-task phase increased significantly in deep breathing and meditation tasks, which could be explained by the RSP rate ( Figure 3) . While, in the video-watching task, the FuzzyEn value was smaller in the post-task phase than during-task phase, which may be the lasting effect of visual stimulation. Studies have reported that visual stimulation can cause the hippocampal activation, which enhanced the memories of the subjects [55] , [56] . In addition, visual feedback also attracted the attention of the subjects in the visual-auditory mechanism to increase the response time of the subjects more effectively [57] . These all indicated that the effect of watching videos was longer lasting than the other two tasks. Not only the FuzzyEn changed between different phases of the task, but the FuzzyEn-difference varied between different tasks. The effect of CRC on cardiac regulation resulted in greater and faster changes in ECG activity, which may account for the result of largest change in FuzzyEn-difference values in deep breathing tasks. Previous studies have demonstrated that changes in cardiac regulation during meditation were primarily affected by brain activity [58] . According to Thayer et al.'s description of the regulation of heart rate by the brain, the process of BHC can be explained as follows: When the brain is stimulated by external interventions, the cingulate cortex or insula are excited. This excitement continues to pass down and causes activation of the hypothalamus, which further induces SNS activation or PNS suppression to increase the heart rate [46] . Thus, the effect of BHC on cardiac regulation is more indirect, which leads to slower changes in ECG activity. This explained the differences in FuzzyEndifference values between the deep breathing and meditation tasks.The FuzzyEn-difference values in the video-watching task were significantly lower than that in the meditation task, which can be explained by the effect of BHC. However, CRC also has a certain effect on cardiac regulation in meditation task, which could account for the differences in FuzzyEndifference values between the video-watching and meditation tasks.
Since interventions are determined by corresponding mechanisms, it is better to choose suitable interventions to alleviate various physiological distresses. A previous study showed that CRC deteriorated under anxiety and was enhanced during relaxation and slow wave sleep [40] . Therefore, anxiety can be significantly relieved by enhancing CRC, which is primarily related to deep breathing. Another study noted that BHC seemed to be a potential tool for preventing and treating depression, which was mainly associated with positive emotions generated by watching videos [59] . Furthermore, the combination of CRC and BHC has been demonstrated to significantly reduce the degree of depression and anxiety, mainly by meditation, which reveals important information about cardiovascular regulation [60] . Two limitations should be addressed in the future work. Firstly, this study considered data from a small sample, and further investigation of a large number of subjects should be carried out to confirm the findings of the current work. Secondly, the participants were all healthy people; thus, further study regarding clinical applicability will make more sense.
V. CONCLUSION
In this study, the effects of deep breathing, meditation and video-watching tasks on cardiac regulation were investigated. The FuzzyEn method was applied to analyze the complexity changes of HRV in the three interventions. Meanwhile, the changes of complexity of HRV in pre-, during-and post-intervention phases were also investigated by FuzzyEn. The lower FuzzyEn values in the during-task phase were observed in deep breathing, video-watching and meditation tasks, which might result from the effect of CRC, BHC and the combined effect of CRC and BHC, respectively. According to FuzzyEn analysis, the findings in this study could help to elucidate changes in the physiological mechanism of cardiac regulation caused by interventions, and these interventions could be used as clinical treatments in the future.
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